RNAi (RNA interference, RNA silencing) is a powerful tool for functional genomics, but the construction of an RNAi vector(s) and the establishment of stable transformants are time-consuming and laborious. Here we report the transient RNAi of endogenous biosynthetic genes involved in isoquinoline alkaloid biosynthesis in Coptis japonica protoplasts. Double stranded (ds) RNA fragments of various lengths prepared from several different positions of the coding sequence of scoulerine 9-O-methyltransferase (SMT) were introduced into C. japonica protoplasts by polyethylene glycol-mediated transformation, and their effects were monitored by reverse transcription-polymerase chain reaction. Substantial silencing of SMT gene expression was obtained by the introduction of these SMT dsRNAs. A significant reduction in SMT protein levels was also observed. The potentials of this transient RNAi system to evaluate the functions of biosynthetic genes in Coptis alkaloid research are discussed.
Plants produce quite divergent chemicals used for pharmaceuticals, dyes, flavors, and so on. 1) A thorough knowledge of the pertinent biosynthetic pathway is a prerequisite for the development of methods to improve the quantity and quality of these phytochemicals, but information about the biosynthesis of secondary metabolism in Arabidopsis, for example, is very limited even after the complete sequencing of its whole genome. 2) Hence, more research is needed to characterize in detail the various steps involved in a given biosynthetic pathway.
Berberine, an antibacterial benzylisoquinoline alkaloid, is exceptional because the whole biosynthetic pathway has been investigated at the enzymological and molecular levels, 3) using high-berberine producing suspension-cultured Coptis japonica. 4) Based on the high biosynthetic activities of these elite callus lines, many enzymes and their genes have been isolated by conventional methods. 5) Furthermore, recent analysis of expression sequenced tags (ESTs) prepared from these high-berberine producing C. japonica cells has provided insights for the identification and isolation of the biosynthetic gene for columbamine O-methyltransferase without previous biochemical studies. 6) The columbamine O-methyltransferase activity was successfully identified with recombinant protein produced in Escherichia coli.
Whereas an EST library from a C. japonica cell line producing high levels of berberine provides useful information for the identification of candidate genes for berberine biosynthesis, several genes such as norcoclaurine synthase and transcriptional factors for the biosynthesis have not yet been identified. We need further technological development to identify the gene functions using EST information. While overexpression of candidate genes would be a promising approach to investigate gene function, 7) high metabolite productivity in cultured C. japonica cells masks such enhanced gene expression. Conversely, we believe that a gene silencing approach would be a more powerful alternative for the characterization of putative biosynthetic genes and transcriptional factor genes in our C. japonica cell lines. Gene silencing coupled with transcriptional analysis and/or metabolic profiling will perphaps prove to be powerful tools for the resolution and characterization of complex biosynthetic processes such as benzylisoquinoline pathway in C. japonica.
Antisense RNA technology is commonly used for the reduction of gene expression in plant cells, 8) but the efficiency of gene silencing is not sufficient. RNA silencing (or RNA interference: RNAi) technology can effectively silence the expression of certain genes not efficiently silenced by other earlier methods, 9) but y To whom correspondence should be addressed. 10, 11) RNA silencing in plant protoplasts was first demonstrated by Akashi et al. 12, 13) who used a dsRNA expression plasmid to silence the expression of the luciferase reporter gene. They observed silencing of luciferase gene expression in tobacco BY-2 protoplasts within 24 h of electroporation. Furthermore, Tang et al. 14) found that, in wheat germ extracts, the dsRNAs were processed into 21-25 nucleotide fragments by two putative DICER elements and subsequently incorporated into an RNA induced silencing complex (RISC) to degrade target mRNA. More recently, An et al. 15) reported that the dsRNA synthesized in-vitro can be used for efficient RNA silencing of the LUC reporter gene in Arabidopsis thaliana protoplasts.
In this report, we show efficient gene silencing of the endogenous scoulerine O-methyltransferase (SMT) genes in C. japonica 156-SMTprotoplasts.
Materials and Methods
Cell line and suspension culture. Coptis japonica 156-1, a cell line with high berberine yield, 4) was transformed by co-cultivation with an A. tumefaciens strain harboring a binary vector containing the SMT gene attached to a cauliflower mosaic virus 35S (CaMV35S) promoter with two enhancer elements. The C. japonica 156-SMT line had 3 additional copies of the SMT gene and showed improved berberine productivity. 16) Cell cultures were maintained as described previously. 4) In vitro synthesis of dsRNA. In vitro preparation of the dsRNA was performed using the protocol described by R. Carthew and J. Kennerdell. 17) In brief, DNA templates were produced by PCR using primers containing the 28-nucleotide minimal T7 promoter sequence (5 0 -TAATACGACTCACTATAGGGAGACCA-C-3 0 ) at the 5 0 terminal followed by a 21-nucleotide gene-specific region. PCR was used to generate dsDNA templates of various lengths from different sections of the SMT mRNA sequence. The full-length sequence of the luciferase (LUC) mRNA of Photinus pyralis was used to generate LUC dsDNA. These template dsDNAs contained the T7 minimal promoter sequence at each end.
After PCR product cleanup, the dsDNA were used as a template for in vitro synthesis of dsRNA using the Ribomax Express kit (Promega). The dsRNA were purified by phenol-chloroform-isopropanol extraction, dissolved in RNAse-free water, and quantified by UV spectrophotometry. The various dsRNA fragments prepared from different parts of the SMT sequence were used to evaluate the effect of sequence length and the position in the coding sequence on silencing efficiency. LUC dsRNA was used to evaluate silencing in the LUC model RNAi assay experiment and as a negative control in the other silencing experiments.
For preparation of dsRNAs for the C. japonica biosynthetic gene, DNA templates were produced by PCR using primers containing the 28-nucleotide minimal T7 promoter sequence at the 5 0 terminal followed by a 21-nucleotide gene-specific region as described above. Protoplast transformation. C. japonica protoplasts were prepared from one-to three-week old cultured 156-SMT cells in cell-wall digestion solution containing 0.4% Onozuka Cellulase R10 (Yakult Pharmaceuticals), 0.2% Macerozyme R10 (Yakult), 0.01% Pectolyase, 0.6 M sorbitol, 20 mM MES at pH 5.5, and 5 mM MgCl 2 , which was pre-treated at 50 C for 30 min before filtersterilization. About one gram of cells was incubated in 10 ml solution overnight at 28 C and about 1-5 million protoplasts were obtained.
Introduction of dsRNA into protoplasts was performed essentially as described by Chiu et al. 18) except where otherwise noted. In brief, after washing three times in W5 solution (154 mM NaCl, 125 mM CaCl 2 . before sterilization in an autoclave) was gradually added. After gentle mixing, the protoplasts were incubated at 28 C for 30 min, spun down, and then resuspended in 4 ml of W5. W5 solution developed for transient assays of Arabidopsis protoplasts 19) was also found to be effective to minimize the damage to protoplasts as compared to standard plant media 20, 21) with various levels (0$25%) of sucrose or glucose (data not shown). After incubation at 28 C at 40 rpm for 24 or 72 h, the protoplasts were recovered to measure LUC activity or the transcript level of the target SMT gene.
Quantitation of luciferase activity. LUC activity was measured using a Dual-Luciferase assay system (Promega). In brief, the C. japonica cells were harvested by centrifugation and homogenized in 100 ml Passive Lysis Buffer (Promega). From 0.2 to 0.5 ml of the extracts were mixed with 100 ml LUC Assay Reagent II, and the apparent luminescence was measured in a Berthold Lumat 9507 (Berthold). After measurement of Photinus LUC activity, 50 ml of Stop & Glo reagent were added and the resultant Renilla activity was measured. Data were expressed as a ratio of the luminescence from Photinus divided by the luminescence value from Renilla.
Extraction of total RNA and reverse transcription. About 2-7 mg of total RNA were extracted from the 3{4 Â 10 5 protoplasts of C. japonica with the RNeasy kit (Qiagen) using the manufacturer's protocol. After DNAse I treatment, 10 ml aliquots were subjected to reverse transcription with Superscript III (Invitrogen) according to the protocol recommended by the manufacturer. Reverse transcription was carried out at 42 C.
Reverse transcription (RT)-PCR. The PCRs were done using GoTaq DNA polymerase (Promega, U.S.A.) in a PE 9700 (Perkin-Elmer). PCR was basically carried out with the following thermal cycle: a denaturation step at 95 C for 2 min followed by 25 to 30 cycles of 95 C for 15 sec, 45 C for 30 sec, and 72 C for 1 min, and a final extension at 72 C for 5 min. In some experiments in which the level of arabinogalactan protein transcript as internal standard was low (Fig. 5) , the SMT primers were mixed in the PCR reaction only at the 11 th cycle, so that the first 10 PCR cycles were performed in the presence of the arabinogalactan protein primers alone whereas the latter 30 PCR cycles were done in the presence of both primer sets. This method has been used successfully to amplify up to 4 independent gene targets with different amplification cycle requirements in a single PCR reaction tube (data not shown). The following primer sets were used for the detection of transcripts: for SMT: ( . These primers were designed to produce specific amplicons and the addition of dsRNA was found not to interfere with the specific amplification of target transcript by PCR. The levels of transcripts of monitored genes were evaluated using densitometry after agarose gel elecrophoresis.
Immuno-blotting. Proteins were extracted in SDSloading buffer and analyzed by SDS-PAGE. Proteins were stained with Coomassie Brilliant Blue or detected with anti-SMT polyclonal antibodies on a polyviniliden fluoride membrane according to the protocol described by Fujiwara et al.
22)

Results
Silencing of luciferase reporter gene in C. japonica protoplasts
To examine the potential of C. japonica protoplasts for RNA silencing, we examined the RNAi of the luciferase reporter gene with dsRNA as a model system. As Fig. 1A shows, the addition of more than 0.5 mg dsRNA in about 100,000 C. japonica protoplasts with 1 mg LUC expression plasmid dramatically reduced the relative luminescence derived from the Photinus pyralis gene. The remaining activity at a dose of more than 1.0 mg dsRNA reached a level less than 2% of control without dsRNA. This level of silencing has not been obtained in previous reports that used protoplasts from Arabidopsis or tobacco BY-2. [12] [13] [14] High transformation efficiency (more than 90%) and efficient gene silencing in C. japonica protoplasts was also visually observed when GFP expression vector was used as a reporter (Fig. 1B) .
Silencing of the SMT gene as a model endogeneous gene
Since high RNAi activity was confirmed in C. japonica protoplasts, we examined the effect of dsRNA on an endogeneous gene involved in the benzylisoquinoline pathway. Scoulerine O-methyltransferase was selected since previous overexpression experiments have suggested that it is important in the regulation of the metabolic pathway into berberine and coptisine and useful to monitor the change in metabolic flow. 16 ) Since a selected C. japonica 156-SMT cell line showed relatively stable expression of biosynthetic genes (data not shown), we mainly used 3-week-old cultured cells as a material for silencing.
Before we analysed the RNAi effect of SMT dsRNA, we examined the change of target transcripts after the RNAi mock treatment, i.e., without dsRNA. Treatment of C. japonica protoplasts with PEG and subsequent incubation in W5 clearly increased SMT transcripts, although the actual mechanism of this induction of gene expression is unknown and the stimulation fluctuated with preparation. In this experiment, arabinogalactan protein gene was selected from the EST library and used as the reference gene, since expression was relatively constant under different treatments (data not shown).
When dsRNA of SMT was introduced into C. japonica protoplast, the SMT transcript level decreased considerably, as we expected (Fig. 2) . This decrease in SMT transcripts was evident within 24 h of incubation and continued to 72 h, but the buildup in SMT transcripts after 72 h partially compensated for the silencing effect. Since the detection of SMT transcripts was much easier after 72 h incubation, subsequent RNAi experiments were done after 72 h incubation. In this experiment, both dsRNAs prepared from different portions (5 0 or 3 0 ) of the coding sequence of SMT were found to be effective for RNA silencing (Fig. 2) .
To evaluate the effect of RNA silencing at the protein level, we measured the amount of SMT protein by immuno-blot analysis with anti-SMT antibodies. As shown in Fig. 3 , SMT protein levels were almost constant among control treatments without dsRNA, whereas the introduction of dsRNA markedly reduced the corresponding SMT protein. Again, both dsRNAs prepared for the 5 0 -and 3 0 -regions of coding sequence effectively decreased the target protein.
Dose-dependency of gene silencing with SMT dsRNA
Whereas the model experiment using LUC showed effective RNA silencing in C. japonica protoplasts, RNA silencing for the endogenous SMT was relatively weak. To examine the effective silencing for endogenous gene, we examined the effect of dose of dsRNA.
As Fig. 4 clearly shows, the increase in dsRNA to 50 mg/10 6 protoplasts increased the RNA silencing effect. Compared to the model RNAi experiment for luciferease, this required dsRNA amount appears to be slightly high for endogenous SMT. The higher dosage requirement is at least partly due to the presence of 3 additional copies of the SMT gene under the control of the 35S promoter in C. japonica 156-SMT.
Effect of dsRNA size and sequence information on SMT silencing
To get more information about the effect of sequence on the RNAi, we dissected the SMT cDNA into 3 parts and prepared relatively short 230 bp dsRNA for the 5 Fig. 2 ). As shown in Fig. 5 , the silencing activities of these dsRNA preparations were almost similar, indicating the robustness of the silencing ability of dsRNA and the laxity of the design requirements for silencing of specific genes. In other words, 230 bp dsRNA derived from any segment of the target gene will probably be as active as longer dsRNAs or specifically constructed ''designer'' dsRNAs.
Effect of dsRNA on the gene silencing of other endogeneous biosynthetic enzymes
To evaluate the efficiency of transient RNAi, we also examined RNA silencing for other endogenous genes. Since we have isolated three O-or N-methyltransferase genes in addition to SMT, viz., 3 0 -hydroxy-N-methylcoclaurine 4 0 -O-methyltransferase (4 0 OMT), norcoclaurine 6-O-methyltransferase (6OMT), and coclaurine Nmethyltransferase (CNMT), we evaluated the possibility of gene silencing for each enzyme as well as the cross silencing among these methyltransferases using about 230-231 bp dsRNA, including the relatively conserved methyltransferase domain. The sequence identities among the methyltransferases are shown in Table 1 . In vitro synthesized dsRNA prepared from each methyltransferase was considerably gene specific as shown in Figs. 6 and 7, whereas some dsRNA such as 6OMT showed moderate cross-silencing effects on related genes such as 4 0 OMT and SMT with close sequence homology. Our results further confirm the utility of gene silencing based on in vitro synthesized dsRNA to study the function and behavior of endogenous genes.
Discussion
RNAi technique is a powerful tool to study gene function, as shown in recent reports on short interfering The number of identical residues in target gene to dsRNA sequence prepared is shown. dsRNA for 6OMT, 4 0 OMT, SMT, and CNMT used in 0 OMT, and 6OMT), as shown in the right margin, and of arabinogalactan protein (ARG), were determined using gene specific primers. RNA (siRNA) in mammalian cells. 10, 11) Whereas RNA silencing is well-established in plants, 9 ) the development of a transient RNAi system for plants has been rather delayed due to difficulties in the development of a suitable transformation system with dsRNA. The recent success of RNAi in Arabidopsis protoplasts with artificially produced dsRNA 15) indicates the feasibility of transient RNAi for endogenous genes. Our model experiments with artificially introduced target luciferase expression vectors and dsRNA clearly indicate that our chosen material, C. japonica cells, is very suitable for RNAi research, due to high transformation efficiency of more than 90% and high RNA silencing efficiency of more than 95% for model target genes such as luciferase. In fact, the introduction of dsRNA for SMT clearly decreased the target SMT transcript, whereas it did not affect arabinogalactan protein gene expression or other biosynthetic genes ( Fig. 6 and 7 , data not shown).
dsRNA was effective for 24-72 h after treatment and it led to a detectable decrease in the SMT protein level, whereas the decrease in protein was around 50% and much smaller than the reduction of transcripts. These results suggest that this efficient RNAi system might be used to evaluate gene function when adequate evaluation systems for gene function are combined with it. Our attempts to detect the corresponding changes in the metabolite profile by HPLC/LC-MS, however, failed (data not shown). Currently, some preliminary experiments have been conducted to minimize the residual alkaloid interference detected by HPLC/LC-MS. A more sensitive detection system that can monitor the metabolic profiles of minute samples is needed fully to characterize the effects of gene silencing in plant protoplasts. We believe that transient RNAi using in vitro synthesized dsRNA is a very practical and efficient way to evaluate the function of genes such as transcriptional factors as well as the effects of metabolic engineering in plant protoplasts.
Our transient RNA experiments also provided information about the dose and sequence specificity for efficient RNAi. Cross-silencing between dsRNA and non-target genes was found among methyltransferases in berberine biosynthesis (Fig. 6 and 7) , while an approximately 20 base-pair identical stretch existed. Furthermore, about 5 mg/1,000,000 protoplasts was sufficient to silence the moderately expressed SMT gene in C. japonica protoplasts. This very rough estimation again suggests the high efficiency of RNAi in C. japonica protoplasts. Whereas we could not determine the sequence preference of RNAi in C. japonica protoplasts, the data suggest that at least 230 bp long dsRNA would have sufficient sequence information for RNA silencing. Further studies into the minimum length of dsRNA required to obtain the right mix of efficiency and specificity of gene silencing are needed in order to approximate the level of utility attained by siRNA in mammalian cells. C. japonica protoplasts would be a very convenient model system for the evaluation of the effects of RNAi on metabolic pathways in plants.
One of the unexpected findings was the enhanced expression of SMT in C. japonica protoplast incubated in W5. This gene activation would also help to evaluate the function of genes involved in berberine biosynthesis using RNAi, since we could neglect the basal transcripts and detect the silencing effect more clearly. Whereas the exact mechanism is not known, this activation might be due to the physically stressful protoplast isolation. The addition of methyl jasmonate has been reported to increase the expression of 3 0 -hydroxy N-methyl coclaurine 4 0 -O-methyltransferase, norcoclaurine 6-O-methyltransferase, and SMT genes in Thalictrum tuberosum cells, and resulted in higher berberine biosynthesis. 23) Incubation in nutritionally inadequate W5 medium for 72 h, or exposure to a high osmotic solution of PEG also might induce SMT gene expression. The increase in gene expression of transcription factors during protoplast culture is an interesting subject and a promising target for functional genomics using RNAi.
24)
Conclusion
Our data illustrate the silencing phenomenon obtained after the introduction of in vitro synthesized dsRNA into plant protoplasts via a PEG-mediated transformation protocol. This silencing phenomenon was effectively monitored through simple RT-PCR, without the need for elaborate enrichment procedures such as fluorescenceassisted cell sorting. Hence this system might well find wide application in studies of gene silencing in all plant species for which protocols for transient gene expression in protoplasts have been established.
